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ABSTRACT 

The thirty-three month research  prozram to develop light weight 
magnesium alloy( s )  for cryogenic applications a t  subatmos9here temperatures 
as low as  -423OF has been completed. In this final twelve month period of the 
program all of the major goals of the research  contract have been attained, as 
briefly sur-imarized here .  

Three alloys, having the nominal compositions, 

I14 - Mg t 1 Z r  t 3Th  t 62x1 t 5Cd t 6Ag t 7 L i  

LA6 - Mg + 3Th  t 9 L i  t 2 Z n  t 4A1 t 4 A g t  1Mn 

ZLH 972 - Mg t 9 Z n  t 7 L i  t 2Th  

were found, when properly processed and heat-treated, to satisfy the major  
strength-ductility goals of the contract  as  well as most  of the other specified 
fabrication characterist ics.  Specifically, 11 4 either 1) as  rolled initially a t  
67FiOF for ingot breakdown followed by finish rolling at  45O0F, o r ,  3,) as solu- 
tion heat-treated a t  650°F followed by tbermal stabilizing aging at 150°F, exhibits 
tensile strength in excess of 45, 000 psi  (a t  68'F), yield strengths of m;re than 
35, 000 psi  (at 68OF) and minimum ductility values of 1570. 
are of course increased at  -452O7, with the expected reduction in ductility to  the 
870 minimum value required. Alloy W 6 similarly,  by rolling at 260°F, followed 
by solution heat treatment a t  600°F, waier quenching and then aging a t  200°F, 
will yield the required strength properties.  However, this composition was 
ultimately judged marginal because the long aging t imes needed to obtain the 
required 15% and 8% ductility a t  68O and -452OF respectively, often resulted 
in degradation of the strength properties below the goal l imits .  
when rolled at 450°F, heat-treated a t  600°F, quenched alid aged a t  200°F, 
yields satisfactory strength and ductility properties as required but because 
of i ts  sensitivity to embrittlement and tendency toward hot shortness at the 
usual hot working temperatures (600° -675OF), i ts  value as a commercial  
alloy is believed limited. 
the major emphasis has gradually shifted throughout the closing phase of this 
program to a comprehensive metallurgical study of the I1 4 alloy. 

These strength values 

ZLH972 alloy, 

Thus, on the basis of these goal-oriented deductions, 

A l l  three alloys exhibit better than 9070 welding efficiency by conventional 
MIG or TIC methods, a r e  readily machinable, can be readily chemically milled, 
respond well to a l l  conventional metal-forming operations (except that ZLH 972 
is not readily extruded), and have notch/unotched tensile ra t ios  of 1. 0 and 0. 9 
a t  68O and -452'F respectively, Other physical-mechanical properties of all 



these alloys, and especially the 114 composition, a r e  a lso presented to 
implement their prospective c o a m e  rcial  exploitation. 

An adherent fused-salt chemical conversion coating was developed both 
for corrosion protection and as a paint base. Corrosion data in sea water 
indicate the coating has excellent sea environment corrosion protection character - 
istica. Furthermore,  high reflectance coatings were readily applied to the 
conversion coated alloys to substantiate the prospective use of these alloys for 
aerospace structures.  



1.0 INTRODUCTION 

The purpose of this program was to  develop a wrought magnesium a l l 7  
with improved thermal  stability a t  150°F and having the iollowing mechanical 
propert ies  and fabricating character is t ics  as goals a t  both ambient and cryogenic 
temperatures  : 

45,000 psi  ultimate tensile strength a t  ambient temperature;  
35,000 psi ,  0.2% offset, yield strength a t  ambient temperature;  
15% elongation (in 2") a t  ambient temperature;  
No deterioration of these propert ies  t o  -452OF except elongation 
which may be a minimum d 8%; 
A notched/unnotched tensile ra t io  (Kt = 10) of 1.0 or  grea te r  a t  
ambient temperature,  and 0 . 9  a t  -452OF; 
A weld joint efficiency of 80% or  m o r e  a t  ambient temperature  
and weldability by MIG or  TIC techniques equal to  o r  g rea t e r  than 
that of A 2  31B; 
F o r  the melting and processing phase of the program, emphasis 
was placed upon obtaining high quality ingots and final wrought 
products free of dross .  

Three  compositions were  developed during the previous term of the present  
contract  which went far in  achieving the earlier goals. 
compositions were  selected on the bas i s  of limited mechanical property data,  and 
because the wrought process  procedures  were not as thoroughly evaluated as de- 
s i r ed ,  two major  objectives of this final twelve month extension w e r e  to  obtain 
additional strength property data on variously heat-treated sheet  stock of the de- 
veloped alloy(s) and to  m o r e  comprehensively s k d y  and establish the optimum 
hot roiling pract ice  for  producing the alloy(s) in  wrought sheet form. Additional 
objectives were: 1) t o  improve the long t e rm thermal  stability of the selected 
alloy(s) without detracting f r D m  the mechanical property goals,  2) +O develop a 
coating not only to  provlde corrosiDn protection during handling and/ or fabrication, 
but a t  the same  time, to  provide a suitable base  for  a thermal-radiator  type coat- 
ing t o  control the temperature of vehicles exposed to  the ex t remes  of darkness  
and bright so la r  energy in aerospace environments. Other concurrent objectives 
included obtaining general  physical properties of the finalized alloy(s),  evaluation 
of the response of the allq-(s) t; ,,.crusion-fabrication, and finally, obtaining some 
experimental evidence of their castability. 

However, s ince these 

1. 1 P rogram Planning 

The resul ts  of the experimertal  program, implementing the above objec- 
tives during this final twelve month extension to  Contract NAS 8 -  11 168 originated 
more  than thirty months ago, a r e  presented in this Final Summary report .  Em- 
phasis is placed on data covering the period f rom March 20, 1966 to March 20,1967, 
a:t.hough appropriate summary data f rom the previous twenty-one month period 
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of the subject contract  have often been introduced. 

A char t  reflecting the ent i re  program schedule and planning is shown in 
Fig. 1. 
beginning of this contract  period because events beyond our control often dictated 
the overlapping of the various phases of the program. 

This char t  does reflect  modifications f r o m  the schedule proposed a t  the 

2 



Procurement of Materiala 

Preparation of 50 Pound M e l t s  

TASK 1 - FORMABILITY 
A. Rolling 
8. Croms-rolliwR 
C. Extruding 
D. Forging 
E. Stretrh Forming 
F. CasIabillty 

~ ~ ~~ ~ ~ 

TASK I! - THERMAL STABILITY 
A. Fabriratc  Tcrt Sprcimenm 
B. Tent At Amblrnl Tempemtur 
C .  Stability F r o m  68OF to 26aoF Temt at 60°F 
D. Cr,ogcnic TcstinR 

TASK I l l  - COATINGS 
A. Commercial Coatings 
8. Metallic Coatings 

1. Preparation 
2. Refkctivity Meamuremente 
3. Soldering 
4. Vacuum Testing 

I 5. C a r r o d o n  Testin8 
I 
TASK 1V - SPECIAL. FABRICATION STUDIES 

A. CSemical M i l n g  i 8. Machinability 
1 C. Weldability , 1. Weld Proparatiom 

2. T h e r u l  Treatmeat 
3- Corrosion Tests 
4- Flexure C y c l i q  
5. Bend Teats 
6. Tenmile Terting 

TASK V - PHYSICAL PROPERTlES 
A. Deaoity 
B. Emissivity 
C. Thermal Expanmion 
D. Thermal  Conductivity 
E. Electrical Reaimtivity & Conductance 

TASK VI - EXPERlMENTAL SUPPORT 
A. X-ray 
B. Metallography I C. Electron Microscopy 

TASK VI1 - DEUVERY OF SAMPLE MATERIAL 

Monthly Report. 

I Qua r te  rly Re po r ts  

ISumnury Report 

LEGEND. 

SCHEDULEEVENT 0 TiME SPAN 
Figure 1. Task Schedule 

EVENT COMPLETED .L) MODlFIED FORECAST 0 



2 .0  TECHNICAL REVIEW OF PROGRAM COMPLETED DURING PERIOD 
FROM 20 MARCH 1966 THROUGH 20 MARCH 1967 

During this ent i re  thirty-three month program m o r e  than 100 different 
compositions were  melted, cas t  into ingot shapes in  cas t - i ron  molds, hot rolled 
to  0. 100"-0. 150" thickness sheet, and thence studied comprehensively to estab- 
l ish their physical metallurgical and mechanical-physical property character is  - 
tics within the ambient and cryogenic temperature range. 
during the early months of the program were  selected f rom three basic  alloying 
systems,  according to  the matr ix  plan shown in Fig. 2 ,  intended to  evaluate alloy- 
ing-element interaction as regards property effects on an  economical and s ta t is-  
tically sound basis. 

Initial compositions 

2 .  1 Selection of Allwine: Compositions 

None of the alloys in Matrix I approached the ambient temperature strength 
requirements of the program so this alloy sys tem was modified as shown in 
Matrix LA, Fig. 3. F o r  example, the most  promising of these compositions was 
alloy I14 (Mg - 1 Z r  - 3 Th - 5 Cd - 62x1 - 6Ag - 7 L i )  which had a tensile strength 
that varied from 36,000 psi to 5 1,000 psi  a t  ambient temperature depending upon 
pr ior  thermal-mechanical treatments. 
course of the original program were  cadmium and thorium variations of alloy LT4. 

The remaining alloys studied during the 

Additional refinements to  alloy 114 involved varying the lithium f rom 7 
to 14% along with various amounts of aluminum, 
evaluation of magnesium-970 lithium alloys with various amounts of manganese, 
aluminum, zinc and silver.  
in Matrices IV, V, and VI in Figure 4. This development is exemplification of 
the initial approach to  melt  and cas t  all the alloys in each mat r ix  for  screening 
purposes and then to  modify the composition of the most promising alloy for final 
optimization of mechanical properties.  This approach worked well for  Matrix LI 
and Matrix LA, and a good comparison was made between the properties of these 
alloys. On the other hand, a great  deal of time was spent on fabrication studies 
of 18 alloys f rom Matrix I and Matrix I11 without promising results.  In order  to 
eliminate t ime wasted in processing alloys with little change of meeting the con- 
tractual goals, the plan of approach was changed slightly. In the new approach, 
three alloys were  selected f rom each matr ix  for  processing, and, based upon the 
mechanical properties of these three alloys, the remaining alloys in the mat r ix  
were  either eliminated f rom the program, processed a s  originally planned, or 
modified in composition to  incorporate the latest scientific alloying principles 
developed during the course of the program. 

zinc, and s i lver ;  plus a further 

The composition of these preliminary melts is shown 
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The alloys from Matrix IV, Matrix V and Matrix VI selected for  init ial  
testing w er e : 

IV2 (Mg - 2 T h  - 2Ag - 3Al - 9 L i  - 3Zn) 

IV7 (Mg - 2 T h  - 2Ag - 1Al - 7 L i  - 7Zn)  

V 6  (Mg - 2 T h  - 2Ag - 3A1 - 9Li - 2 Z n  - 0.25Mn) 

V7  (Mg - 2 T h  - 2Ag - 6 A 1 -  9 L i  - 4 Z n  - 0 75Mn) 

V 8  (Mg - 2 T h  - OAg - 3A1 - 9Li  - 4 Z n  - 0.50Mn) 

VI2 (Mg - 2 T h  - 4Ag - 2Ai - 12Li - 12Cd) 

V I 5  (Mg - 2 T h  - 2Ag - 4A1 - 12Li  - 6Cd) 

VI8 (Mg - 2 T h  - 6Ag - 6 A l  - 12Li  - 2Cd) 

The refinements t o  alloy I14 made pr ior  to  selecting the f i r s t  alloy for  
scale-up melting consisted of the following modifications to  the basic composi- 
tion: 

I14 M g t  1 Z r t 3 T h t 6 Z n t 5 C d t 6 - 4 g t 7 L i  

I I4A M g t  l Z r t 2 T h t 6 . 3 Z n t S C d + 4 . 8 5 A g t 9 L i  

I I 4 B  Mg t C,C16 t 2 T h  t 6 Z n  t 2.5Cd t 6Ag t 8Li 

I I4C  Mg t C,CL t 2 T h  t 6 Z n  t 5Cd t OAg t 9 L i  

I I4D Mg t C,C1, t 2 T h  t 8 Z n  t OCd t OAg t 7 L i  

I I 4 E  Mg t 2 T h  t 6 Z n  t 5Cd t OAg 4 9Li 

Al loy  II4A was a repeat of a modification to alloy 11 4 that was developed ea r l i e r  
in the program and showed good strength and e-ongation values, Alloys I I4B,  
C and D were  designed to  show the effect of varying the solute concentrations, 
with special emphasis placed upon eliminating s i lver  f rom the family of alloys. 
Alloy I I 4 E  was selected to  show the effect of eliminating hexachlorobenzene f rom 
alloy I I4C,  a 9% lithium alloy. 
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In each case the alloy was prepared in sheet form in 10-lb. lots and 

On the casis  of this approach, work on the 
submitted to screening tes ts ,  before possible modification scale-up to 50-lb. 
lots and subsequent evaluation. 
prceent extension began with the preparation of 50-lb. lots of alloy sheet,  fol- 
lowed by the comp-ehensive physical property studies of the three following 
nominal compositions, referred to subsequently a s  "Second Generation Alloys": 

114 Mg t 1 Z r  t 3 T h  t 6 Z n  t 5Cd t 6Ag t 7 L i  

I A 6  Mg t 3 T h  t 9 L i  t 2 Z n  t 4A1 t 4Ag t l h ln  

The technical aspects of every phase of alloy development f rom melting 
to  ultimate property studies of the final composition(s) a re  presented in  the fol- 
lowing sections. 

2.2 Melting and Casting 

One of the important discoveries of the initial program was the fact that 

Chill cast-  
neither zirconium nor commercial  grade silicon could satisfactorily effect grain 
refinement in  magnesium alloy8 that contain more  than 770 lithium. 
ing was a l so  not effective in producing a fine grain s t ruc ture  for alloys containing 
a large percentage of lithium. Similarly, the most  common techniques of super-  
heating used historically for grain refining the AZ s e r i e s  of magnesium alloys 
were not practical for lithium alloys. 
taining zirconium were  grain refined with hexachlorobenzene, according to  the 
present day foundry practice for AZ magnesium alloys. Typical re3ults obtained 
are shown by the macrographs of f ractures ,  Fig. 5,  when various amounts of 
hexachlorobenzene were added to melts of the Matrix IV and Matrix V alloys just  
pr ior  to casting. The resultant castings were  characterized by a uniform, fine- 
grained s t rncture;  and the addition of three grams of hexachlorobenzene per  ten 
pounds of mel t  appeared t o  be optimum. 

A s  a f i r s t  approach those alloys not con- 

The initial crucible-furnace design is shown in Fig. 6. 
chart  recorders  and temperature controllers appear in  the background. 
10-lb. compositions were made in  this type of closed i ron  crucible argon a t -  
mosphere furnace. Care  should be taken in small  crucible melting to fill the 
crucible only to about tw9-thirds of i t s  molten-metal capacity to  a s s u r e  a g r e a t e r  
volume of argon cover gas  over the molten metal  a t  a l l  t imes during melting. 
The melting practice developed with this small  furnace was applied to  the opera- 
tion of the 50-lb. meltfurnacedeveloped on the ear l ie r  program, and the former  

The s t r ip  
A l l  
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will be presented here in summary  form.  A sketch of the melting and cast-  
ing technique used to make the 50-lb. melts is shown in Fig. 7 and a pic- 
ture of the melting furnace with one of the crucibles in position is shown in Fig.8,  
The melting procedure involves adding the pure magnesium charge ,o the melt -  
ing crucible and sealing and flushing with purified argon before heating. After 
reaching the melting temperature the alloying elements a r e  added through the 
alloying port and s t i r red  into the melt by "puddling". 
aration of the preliminary melts,  lithium, thorium, zirconium and mangenese 
a r e  added a s  mas te r  alloys in other to obtain good recovery values. 
Cenzene is added to mel ts  of the ZLH 972 and I A 6 alloys while zirconimn is 
added to alloy I1 4 for grain refinement. 
just after adding lithium. 

As was  &ne during prep- 

Hexachloro- 

The grain refiner is always addod las t  

The lopound melts were cast into the permanent mold shown in Figs.  9 
and 10. The preliminary melts of magnesium-lithium alloys that contained a 
large percentage of aluminum appeared to be sluggish, and the castings did not 
completely f i l l  the mold, 
inclvsions in the first castings. To alleviate the d ross  problem the mold sump 
was enlarged to accommodate a larger  pair of concentric sc reens  and recessed 
to prevent any molten metal  f rom bypassing the screens.  The runner diameter 
was also increased slightly for improved fluidity. 

A f racture  of each casting runner revealed some dross  

The 50-lb. melts were cast  into the nodular cast-iron mold shown in 
Various mold coatings were tr ied throughout the program, Figs.  11 and 12. 

the most  satisfactory being any one of several  graphite-water glass  formula- 
tions available f r cm any foundry supply house. 
sprayed with several  thin coats of mold coat, with the mold a t  500°F-6000F 
prior to each melting campaign. 
all ingot billets used for rolling stock was a s  follows: 

In al l  cases  the mold was  

The pouring practice developed for casting 

The crucibles w e r e  prepared by cleaning them with 20% HC1 followed 
by a 10% phosphoric acid treatment and bake-out a t  250°F. 
magnesium chArge was  added to the crucibles a t  ambient temperature,  and the 
crucible tops were securely bolted in place prior to flushing tlie chamber with 
gettered argon and heating to the melting t e m p e r a h r e .  
thermocouple controlled the temperature next to the furnace windings a t  1450°F 
i 5OF which resulted in the molten metal  being maintained at the temperature 
of 135O0F. 

The unalloyed 

A chromel-alumel 

A?er reaching the melting temperature, the alloying elements were 
added to the melt  through a port in the top of the crucible. 
the following sequence was used: zinc, magnesium -thorium mas te r  alloy, 
magnesium-lithium master  alloy, and, finally, the grain refiner.  F o r  grain 
reiining hexachlorobenxene was added to alioys ZL8H 972 and I A 6 while zirconium, 
in  the iorm of a master alloy, w a s  used in alloy I1 4.  For al l  th-ee alloys the grain 
refiner was added after the melt  temperature returned to a constaiit value Dear 

For  alloy ZLH 972, 
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Figure 11. Scale-up Permanent Mold 

The design for  the permanent mold used to produce the 50-lb. 
lots of each alloy is shown above. The sprue-to-runner-to- 
gate ra t io  was chosen to choke the molten s t r e a m  of metal  be- 
fore i t  entered the mold cavity and thus reduce turbulence to 
a minimum. The sump is designed to incorporate concentric 
screens which will prevent d ross  f rom entering the mold ca- 
vity. 
for easy removal of the casting. Nodular i ron  was chosen for  
the mold Ir-aterial because of i t s  superior machinability, s t a -  
bility and uniform quality. 

The draft  in  the sides of the mold cavity is to provide 

17 





the pouring temperature. 

After making final preparations and recording the melt  temperature and 
the surface temperature of the mold, the melting crucible is lifted from the 
furnace by an overhead crane and lowered to the height of the mold where the cap 
is removed from the pouring spout. Removing the cap allows argon to escape 
ahead of the flowing liquid metal  so  that i t  can ac t  as a protective blanket and, a t  
the same time, flush the mold with argon ahead of the teemed metal. 

During the melting Eequence the permanent mold was heated to  500°F 
with a gas-air  flame acd immediately pr ior  to casting, the mold was opened and 
a perforated screen  containing (fluffed) s teel  wool was placed in the sump. The 
mold was closed and the molten metal  teemed into a choked sprue  until the mold 
would no longer accept molten alloy. After removing the casting f rom themold 
the runners and sprues  were  fractured for  a visual inspection of the quality of 
the metal. Fo r  all castings made by this procedure, the runner mater ia l  was 
f ree  of dross  and the sprues  appeared exceptionally clean. 
selves were  cut into sections and no visible flaws or d ross  c o d d  be found. 

The castings them- 

While most of the castings were  removed f r o m  the mold as soon as the 
metal  was completely solidified, one casting of alloy ZLH 972 was allowed to 
cool slowly in  the mold. This metal  was extremely difficult to rol l  but was 
finally reduced to wrought sheet by a se r i e s  of light reductions a t  450°F. 
mens of this mater ia l  were  solution heat treated for three hours a t  600°F and 
quenched rapidly. F ig .  13 is  a photomicrograph of the c ros s  sectional a r e a  of 
one of these specimens and shows that both a d magnesiilm matr ix  and the white 
B phase contain numerous precipitates which did not go into solution a t  600°F 
and which undoubtedly caused the rolling difficultAes. A s  a standard practice,  
i t  is recommended that the compositions involved in this program be removed 
from the mold a s  quickly as i t  is practical  to do  so. 

Speci- 

Using these procedures, castings weremade  of all three alloys,  one of 
which is shown in Fig. 14 with the mold coating sti l l  adhering to the surface. 
The runners were  usually fractured f rom these castings and the surface inspected 
for  dross.  In general, the final Gouring operation for  any iinal composition was 
made with a sprue and sump which would accommodate enough extra screening 
to insure that the metal  would be choked in the sprue. The puzpose of this pro-  
vision is to permit no turbulence to occur i n  the teemed metal  after i t  has passed 
through the sump screening. This, in turn, minimizes drossing and oxide in- 
clusions in the final ingot billet. 

The entrapped melting dross ,  variation in chemical composition, and 
resulting low tensile strength values obtained from mater ia ls  made from the 
early melts were caused by a lengthy melting practice. 
ra te ,  a sluggish ra te  of temperature recovery after making the master alioy 
additions, and time taken to double check all  temperatures,  contributed to  the 

A slow furnace heating 
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deterioration of the melts .  
initially cold pot and adding the alloying elements, as mas ter  magnesium 
hardeners,  through a port in the top of the enclosed pot, was considered e s -  
sential, as was the practice of rechecking and recording all temperatiwes. 
improvements in the melting procedure had to be made by changing the design 
of the furnace to shorteE the melting time as much as possible. This was a c -  
complished by replacing the original nichrome winding with Kanthal wire,  and 
adding heavier conductors capable of passing 100 amperes .  
these changes the melting time was considerably shortened and the total t ime 
required to obtain a completed ingot from a cold, empty pot was 2-1/2 hours.  
This included adding a pure magnesium charge, bolting and leak checking the 
top, flushing the system with purified argon, bringing the initial charge up to 
temperature,  making the alloying additions, heating and preparing the mold, 
puddling Phile the melt  temperature returned to normal, and finally casting the 
ingot. 
as Fossible, i. e . ,  the weight of hot metal  remaining in the pot was determined 
and additions were then made to the molten heel and hot pot for the next pour 
without lost  time caused by a iengthy shutdown. 

The practice of melting pure magnesium in an 

Any 

A s  a result  of 

After the f i r s t  ingot was made, industrial practice was adhered to as much 

The newer procedures were perfected to the point where metal  was 
poured smoothly, the mold consistently filled, and sound ingots were con- 
sistently obtained. 
and without any t race of gas  o r  shrinkage voids. 
describe? later in the report ,  none of the test  specimens made from these kigots 
failed because af zntrapped melting d ross ,  hnd the resu l t s  of chemical analyses 
performed on sections Lut from such ingots showed excellent recovery values 
with the possible exception of thorium. 'Ih? resu l t s  of wet chemical analysis 
of thorium have not been consistent, showing either 0% ar  1. 6% ior the K 4  
alloy, although X-ray fluorescence has  shown the presence of thorium in every 
case.  

This procedure produced ingots f r e e  of d ross  inclusions 
During subsequect testing, 

2.3 Fabrication, Cast  Ingot Billets to Sheet Technology 

The initial castings were rolled at 450°F, 500°F, and 750'F with mos t  
of the mater ia l  rolled a t  the lowest temperature. Alloy IA6 rolled so well it 
was decided to reduce the rolling temperatnre to  260°F. 
indicated that this procedure resulted in improved mechanical properties,  so 
most  of the LA6 specimens were rolled at 260°F. 
could nct be reduced below 450°F for alloys I14 and ZLH972 without producing 
cracks.  Thirty percent reductions were made between reheating for each alloy. 
Surface depletion of lithium during rolling was completely eliminated by heating 
the rcjlling stock in either a eutectic mixture of 56% KCl-44% LiCl salt for the 
750°F rolls,  o r  in an oil bath for rolling a t  the lower temperatures.  
taken to keep the sa l t  mixture hot when it was not in use so that it would not 
2bsorb moisture.  
was promoted whenever the salt absorbed moisture.  

Prel iminary tes t s  

The rolling temperature 

Care was 

It was discovered early in the program that lithium dcpletion 
Heating the specimens in 
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either the salt  or the oil bath insured an accurate and uniform temperature.  
A few specimens of each alloy were rolled to 0. 010" foil without difficulty, 
but almost all of the material  was rolled to  0.  100" sheet. One specimen of 
each alloy was hammer forged to foil thickness at i ts  lowest rolling tempera- 
ture ( i .  e .  , 450°F for alloys I14 and ZLH972, and 260'F for alloy TA b) to 
obtain some measure of their forging and forming character is t ics .  

A review of the experimental rolling practices employed indicated that 
Therefore,  the rolling procedure was too slow to be practical  commercially. 

development of a rolling procedure involving few rolling passes  and hence more  
rapid reduction of billet to sheet was undertaken to enhance the commercial 
exploitation of this wrought alloy. 
procedure had to be developed for the I14 alloy. 
rather surprisingly found to i r c r e a s e  as the rclling temperature increased; 
an ultimate tensile strength Df  48, 800 psi  was obtained a t  675'F af ter  a total 
reductictir of 95%, while a reduction of 8570 in c r o s s  sectional a r e a  resu1;ed in 
a tensile strength of 45, 000 psi .  A repeat of the ear l ie r ,  faster rolling tech- 
nique a t  675OF, followed by two iinal passes  of . 007" in thickness-reduction- 
Fer -pass a t  450°F, was selected as  a practical rolling practice for these alloys. 
The final 
minutes iA. an oil bath, and for no more than two minutes between passes .  
procedure prevented mer-aging and resulted in a thin adherent surface coating 
of oxide and oil on the wrought sheet Froduct, which protected the metal  from 
exc e s s ive ox ida tioa -degradation dur ing subsequent storage . 

It  was established that a faster rolling 
The tensile strength was 

lower temperature rolling involved preheating the metal  for three 
This 

Other roiling experiments involving c r o s s  rolling a t  400°F and a t  room 
temperature, subsequent to Lhe initial rapid reuuction of 1" thickness mater ia l  
to 0 .  150", were also conducted for the I14 alloy. 
that after the hot rolling reduction at 675OF, both the tensile strength and the 
hardness of the I14 alloy were not changed by rolling a t  either 400°-4r'00F or at 
room temperature, even though the elongation of the alloy did increase from l e s s  
than 570 to more  than 2570 in 2". This indicated clearly that this alloy is not 
sensitive to work-hardening when cold-worked. Hence, the alloy should respond 
favorably to a n y  forming operation involving deformation, such a s  spinning, 
shear -forming, bending, stretch forming, etc.  

Very interestingly, i t  was found 

2. 3. I Metallography Review of the Matrix IV and Matrix V Alloys 

For  discussion purposes the as -cast s t ructures  of the initial six alloys 
uf Matrices IV and V a r e  compared with :heir as-rolled s t ructures  in F igs .  15 
through 27. All of the as-rolled photomicrsgrapho show the effect of c r o s s  
rolling. Cross  rolling alloy IV 2 completely broke up the elongated 8 phase in 
the as -cas t  structure in the lamellar structure shown in Fig.  16, which turned 
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out to be the most  brittle as-rolled structure tested during the program. 
as -cas t  structure of alloy IV7 shows an unubually large amount of the ductile 
B phase for an alloy that contains only 7% lithium. Hot working a t  800°F greatly 
reduced the amount of t he  ductile 8 phase shown in the as -cas t  photomicrograph 
in Fig. la, and explains, 111 part ,  why this alloy became harder  after a high tem-  
perature heat treatrner,t; although, a t  the same time, 30% elongation was obtained 
in the as-rolled condition. The a s -cas t  and as-rol led s t ructures  of alloy IV 9 a r e  
compared in Figs.  19 and 20. The ductile p phase w a s  broken up by hot working, 
and elongated equally in both directions of rolling. 
in good low temperature ductility in previcus specimens, but alloy IV 9 was very 
brittle at -320OF. 
brittle matr ix  because no brittle precipitates a r e  apparent in th.e bcc B phase. 
Note that uniform black particles can be seen throughout the as -cas t  s t ructure  of 
alloy IV9. The size of 
the particles in Fig. 19 appear to be too large for  nucleant grain refinelllent and 
appear to be dispersed throughout the matr ix  and the 0 phase. 

The 

This type of structure resulted 

This surprising lack of ductility must  have been caused by a 

These particles were not caused by hexachiorobenzene. 

The s t ructures  of the Matrix V alloy. a r e  shown in Figs.  21 through 26, 
and are characterized by larger  amounts of e phase in the as-rolled condition. 
This accounts for the improved ductilitv of these alloys cver the Matrix IV alloys. 
Some coring can be seen in the as -cas t  structure of alloy V 6 in Fig.  21, and 
a continuous precipitate is present in the grain boundaries in the as-rolled con- 
dition. 
promising of the preliminary alloys. 
much better properties could have been obtained by rolling this alloy at a much 
lower temperature. 
more  uniform had the rclling temperature been lower, and the continuous pre  - 
cipitate in the grain boundaries might have been eliminated. Subsequent research  
on the three alloys ultimately selected for scale -up to 50 -1b. pilot mel t s  further 
indicated that alloy V 6 should have been rolled in the 450' to 50O0F t e m p r a t u r e  
range. These resul ts  were the basis for the continued rolling procedure studies 
reported below. 

The alloy M g  - 2 Th - 2Ag - 3A1 - 9 Li - 2 Zn - 0.25Mn was the mos t  
The structure in Fig.  22 indicates that 

The s ize  and distribution of the 9 phase could have been 

Coring is also present in the as -cas t  s t ructure  of alloy V7, shown in 
Fig. 23, with a great  deal of intermetallic compound precipitation in the B phase. 
Alloy V 7 and IV 9 a r e  similar in composition, with the latter alloy having more  
zinc and the former  containing manganese, Evidently the manganese promotes 
precipitation in the B phase, a function contrary to i ts  role a s  a solid solution 
hardener. The a s  -rolled structure shows 6 phase elongated in both directions 
of rolling, and precipitation in the p phase somewhat reduced but still present in 
quantity. The relatively large spacing between the 6 phases probably accounts 
for the mediocre ductility of this alloy indicating again that a lower rolling tem- 
perature should increase i ts  ductility and probably the strength a s  well. The as- 
cast  structure of alloy V 8 shows no coring and elongatedB phase. The as-rolled 
structure in Fig. 26 shows the e phase elongated in both directions of rolling and 
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very coarse intermetallic compounds precipitated in  the matrix. 
compounds have a l so  enveloped the B phase making c ross  s l ip  between phases 
difficult. 
ishing returns  on time invested. 

Intermetallic 

Attempts to  strengthen this alloy further are  expected to  meet  dimin- 

2 3.2 - Metallographic Studies of Second Generatim* Alloys 

Metallographic studies were  made of the br i t t le  behavior of magnesium- 
lithium alloys in  the T4 condition for  the three second generation alloys. Speci- 
mens of each alloy which were  rolled 90% at 450°F and 750°F were  heated for  Q 
hour and 1 hour a t  600'2- for these studies. Photomicrographs of the alloys are 
shown in  Figs. 27 through 36 Metallographic preparation of these magnesium- 
lithium specimens was difficult because of surface activity. The procedure used 
to prepare the specimens was to  rocPh polish them by standard techniques, and to  
final polish them with a Vibromet polisher using Buehler 40-6440AB Magomet 
polishing compound in  a n  aqueous solution of lithium hydroxide. The etchant was: 

Ethylene glycol 75 ml 
Water 25 ml 
Nitric acid 1 ml 

T o  avoid pitting, metallographic preparation should be continuous up until a 
good photomicrograph has been obtained. 

Photomicrographs of alloy I14 rolled a t  successively higher temperatures 
f rom 450° to 750°F, are  shown in Figs. 27 through 30. 
white fl phase appear in the microstructure  after rolling a t  450° and 500°F, while 
a needle-like p st ructure  appears after rolling a t  750°F. 
s t ructure  that contributed to  the excellent ductility of alloy I14 in the initial pro- 
g r a m  and attempts were made to duplicate it. The s t ructure  developed a t  750°F 
is needle-like but too coarse to obtain exceptionally high ductility together with 
good tec;ile strength. These photomicrographs indicate th? t better properties 
can be obtained by rolling alloy I14 in the 600° to  700°F temperature range. 
Heating in  this temperature range can promote lithium deplcrion as i t  did ear l ie r  
in the program and a great  deal of effort was used to  find a suitable oil or neutral 
sal t  in which to heat the rolling stock between passes.  One sal t ,  a n  inexpensive 
nitri te-nitrate mixture called Aeroheat 300, made by the American Cyanamid Co.,  
was found to be iner t  to magnesium-lithium alloy. But i t  was discovered late in  
the program and time did not permit  tensile specimens to  be rolled in this tem- 
pera ture  range. The properties obtair ' f rom mater ia l  rolled a t  450°F wer e 
excellent and i t  would have been interL .ng to compare these properties with 

Isolated a r e a s  of the 

It is this needle-like 

- 
*Second generation alluys - designation of three compositions selected a t  be- 
ginning of the present 12-month extension of contract NAS 8-  l 1168 for study 
during contract period 20 March 1966 to  20 March 1967. 
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those obtained after ro1lir.g a t  650°F. 

Photomicrographs of alloy ZLH 972 which was rolled a t  successively 
higher temperatures a r e  showr, in Figs.  3 1  through 33 
was rolled a t  750°F and solution heat treated for  3 more hours a t  600°F shaws 
a great deal of precipitation in the fI phase, which accounts for i ts  bri t t le be- 
havior in  the solution heat treated condition. Rolling a t  a lower temperature 
elongated the B phase in the direction of rolling,and this phase appears clean 
and f ree  f rom precipitates in  Fig. 31 Solution heat treatjng this specimen for 
3 hours a t  600°F, as shown in Fig. 32, resulted in  the f o r m t i o n  of aaother phase 
within the B Fhase, which has  not been identified and which evidently contributed 
to the stability of this alloy. 

The specimen that 

Photomicrographs of alloy I A  6 a r e  shown in Figs.  34 and 35. Rolling 
this alloy a t  750°F resulted in  a mater ia l  with excellent ductility and poor strength 
a t  ambient temperature,but with very high strength a t  -452'F. 
greatly increased the ambiect temperature strength, with a reduction in ductility. 
The brittleness in the T 4  condition was not as pronounced a s  in alloys I14 and 
ZLH 972 indicating that this brit t leness is associated with high lithium, together 
with high zinc, content. 

Rolling a t  260°F 

According to  Jones and Hogg3 the T4 brit t leness in 5 magnesium alloys 
is caused by a continuous network around the grain boundaries which forms when 
the alloys contain s i lver  or copper. 
earlier in the program did not contain silver,while most  of the others did. 
correlation was found between brit t leness and increased s i lver  content. 
stated that the cause of embrittlement a-fter solution treatment is obscure and 
suggested that t races  of sodium may be responsible. Very high purity Mg-Li 
master  alloys were used to prepare  the melts  for  this program ane the fact that 
ductility car, be recovered makes this hypothesis doubtful. 
not see  Precipitation in the p phase af ter  a solution treatment and reported a 
general coarsening of the grains.  An e- rination of the fI phase shown a t  high 
magnification in Fig. 35 reveals  that A; ,oarsening is actually a dispersion of 
very fine preci7itates which are coherent with the 9 phase. The precipitate is 
assumed to  be MgLi2X,where X can be either Zn or  Al.  Aging witliin the a phase 
occurs by the rejection of lithium tu form MgLiX and LiX with overaging occur- 
ring when these compounds lose their coherency with the matrix.  

Three of the modified 114 alloys studied 
N o  

Clark2 

Jones and Hogg could 
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2 .4  Mechanical Propert ias ,  Ambient-Cryogenic Temperature  

This section is a compilation of the significant mechanical properties 
Data a r e  data obtained over the t e rm of the contract for the wrought alloys. 

presented for various heat-treating conditions, notched and unnotched, as 
range welded, etc. Thrcughout these studies, standard flat tensile specimens, 
sir inches long with 2 1 /2  inches of reduced a r e a ,  were  us5d. A concentration 
factor of Kt = 10 was used for  the notched specimens which had radii  of 0.0015 t 
0.0005 inches a t  the root of the notch. 
welding panels, and then making tensile specimens i rom these panels. 
were  made both longitudinal and t r a w v e r c e  to the direction of rolling. 
specimens were  machined with the longitudinal parallel  and the t ransverse 
welds perpendicular to the applied h a d .  

- 
The welded specimens were  made by 

Welds 
The 

All specimens w e r e  tested in  a 20,000 pound capacity Instron testing 
machine equipped with a continuous load-elongation recorder  I A specially 
constructed cryostat, Cryogenic Inc. Model 307-1, w a s  used for testing a t  
low temperatures.  Specimens were  tested a t  ambient temperature,  -108OF 
(dry ice and acetone), -320°F (liquid nitrogen), and -452OF (liquid helium); 
with the specimens exposed to the cryogen. All specimens were  pulled at a 
rate of 0.1 inch per minute, with the s t r ip  chart  recorder  se t  at 1 . 0  inch p e ~  
minute. These speeds gave a magnification factor of 10 which w a s  found con- 
venient for all specimens except the very ductile ones (i. e. , those with elon- 
gations greater  than 30%, where t h e  load-elongation curves were  rather  long). 
Calculating the percent elongation values directly f rom the s t r ip  char t  gave 
resul ts  which were  considered too large.  Therefore,  all elongation v a h e s  
tabulated in this report  were  obtained by marking the specimens prior to 
testin? and measuring the total change in length after the test .  

2.4.1 Tensile Testing 

The resul ts  of short  t ime tensile testing a r e  presented graphically in 
Figures 37  to 45 and a r e  summarized in Tables 1 ,  2 and 3. In every case,  
rolling at the lowest temperature possible without producing edge cracking 
resulted in the highest ultimate tensile strength. This w a s  especially trhie 
for alloy IA 6 where a 260°F ro l l  increased the optimum tensile strength 
f rom about 25,000 psi (measdred ear l ie r  in the program), to an average 
value of about 43, GOO psi. 

The aging curves in  F;guzs, 37 show that the I14 allcy was unstable 
a f te r  one-hour solution heat treatment and that a three-hour solution heat 
treatment i rcreased its stability cona'derably. 
sive investigation of the mechanism for tEis increcrse in stability biit the 
photomicrogi oph shown in Fig--re  32 reveals another phase develcping within 

Time did not permit  an  exten- 
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Figure 41. The Effect of Testing Temperature on the Strength of Al loy  ZLH 972 
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Figure 44. The Effect of Testing Temperature on the Mechanical Properties 
of Alloy I A  6 
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the umtable  B phase. This  may account for this higher stability. As ex- 
pected from a longer high temperature  heat treatment, the grains  w e r e  m o r e  
equiaxial and the ends of the elongated B phase w e r e  rounded, showing a 
tendency for  this second phase to become spherical .  
remained smal l  because of the addition of 2 and 3'70 thorium for stability. 

The mat r ix  grain s i i e  

All three alloys could be air cooled from 600°F to obtain optimum 
properties,  but this rate of quench w a s  marginai,and many of these speci-  
mens w e r e  too soft f o r  testing. 
tested a t  the end of the program w e r e  quenched in water resulting in  hardness 
of Re  100 for alloys I14 and ZLH 972 and about an  average of R e  95 f o r  alloy 
IA 6. 

In the in te res t  of uniformity all specimens 

After the solution heat t reatment  and pr ior  to xging, alloys I14 end 
ZLH 972 were  hard and br i t t le  whereas  alloy IA 6 reta:ned some diictility, 
approximately 11%. During the first few hours of aging, the strength and 
hardness of alloys I14 and ZLH 972 dropped quickly and then became m o r e  
stable a s  aging proceeded. The percent elongation of these two alloys in- 
creased sharply after a few hours of aging while the increase  in  ductility of 
alloy IA 6 was lesd drast ic .  No rJbvious correlation is evident between this 
initial bri t t leness and initial change in mechanical propert ies  after aging. 
Part of the initial drop in strength propert ies  must  be attributed to s t r e s s  
relieving,biit at tempts to determine i f  the hardness of the aikoys would decrease  
drastically after very short  aging (i. e. essentially s t r e s s  relieving) and then 
increase upon further aging failed to change the shape of the aging curves,  indi- 
cating that stress relieving is  not the ent i re  mechanism. 

Alloys I14 and ZLH 972 have a relatively la rge  amount of lithium and 
zinc, close to 1:l ra t io ,  while alloy IA6 contains three t imes as much lithium 
a s  zinc. The other strengthening elements in alloy IA6 2re aluminum, manga- 
nese and s i lver .  These resul ts  indicate that initial bri t t leness Is caused by a 
compound in the l i thium-rich @ phase,  such as MgLizZn, which overages very 
quic1dy;and that MgLi2A1, o r  a s imilar  compound, has a l e s s  embrittling effect. 
The aging curves w e r e  not extended long enough to determine which of the alloys 
is m m e  stable,but this should be done along with x-ray diffraction studies in 
order  to contribute to a m o r e  thorough understanding of the aging mechanism i n  
these alloys. 

F o r  the specimens given the optimum t h e r m a l - m e c h a n i a l  t reatments  a 

the ambient temperature  tensile strength of alloy I14 varied between 42,500 
and 45,600 psi,with corresponding elongation values 16 and 15%. Under the 
same conditions alloy ZLH 972 varied from 40,800 to 46,500 psi  and from 25 
to 16% elongation, Alloy IA 6 varied from 39, 500 psi to 43,500 psi  with the 
elongation varying between 20% and 15.5%. Except for the one specimen that 
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had a low tensile strength of 40,000 psi, alloy ZLH 972 v v y  closely approached 
the ultimate tensile strength goais of the program. 
in meeting the yield strength goals, but the average elongation values for a l l  
three alloys were only slightly better than :he 16% goal. The strength of each 
alloy increased with decreasing temperature with alloy IA 6 ,reaching 3 maxi- 
mum tensile strength of 70,200 psi  at -452OF. 
ductility a t  -452OF although the gc.al of 870 was only sporadically obtained. 

No problem w a s  encountered 

AI1 three alloys had usable 

In addition to the ultimate tensile strength, yield strer-gth (0.2% offset) 
and '% elongation (within Z"),  the moduhs  of elasticity w a s  obtained ~GI- each 
alloy. Whelk the modulus of elasticity w a s  calculated directly from the slope 
of the load vs. ,longation curves ,recorded automatically on the s t r ip  charts,  
values of 7 to 7 .2  x 10 6 w e r e  obtained at ambient temperature. 
were considered to be too high and they were not listed in Tables 1, 2 cr 3. 
Instead, corrections were made for re1axa:ia affects,and hese niw x- .+lues 
ranged from 6.5 x 10 a t  ambient temperature to 8 . 2  x 10 at -452*F. The 
method used for calculathg the elastic modulus,and the very shght changes in 
the slope of the cu-ves did not permit a comparison to be made between the 
elastic modulus of each alloy. 

These values 

6 tl 

2. 4.2 Notched/Unnc*ched Tensile .;rength 

Notcila tensile specimens (Kt = lo;, were tested at  ambient tcmpera- 
ture  and at -452OF. 
notch sensitive but, with the longer aging times developea fer the second genera- 
tlon alloys in the current program,the specimens became less  sens,tive to 
notches. 
bier,L temperature,and 0.9 a t  -452OF. i .  e .  they achieve the contractual g o d  
from 3 notch sensitivity standpoint. The average ultimate tensile strengths 
were used ior the unnotched strength values which accounts for the variations 
obtained for notched sensitivity. 

The alloys developed in the iriitial 12-month program were 

All specimens were close to a notched/unnotched ratio cf 1.0 a t  am- 

2. 4.3 Wsldabiliry, Tensile Strength 

For most magnesium alloys an increase in alloy content increases the 
solidification range but lowers the shrinkage and the solidus and liquidus tem - 
peratures. For  alloys containing both ali*minum and zinc, the aluminiim con- 
tent aids weldability,and zinc indilces hot shortness and resulting weld cracking. 
Thorium; which prcjvides creep strength a t  elevated temperatures, ususlly 
greatly enhances weldability. 

All three alloys developed in  this program were easy to weld using the 
TIG method with an a-c  machine that contained a high frequency a r c  stabilizer. 
A picture of a typical welded p ~ m l  is shown in Figure 46. All weld beads were 
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removed from the surface by machining. 
in Tables 1, 2 and 3 were welded by using filler rods made of the parent 
material. A few specimens were welded dsing other weld rod mater ia l  but 
the welds were poor and were not mclclded in the testing program. 
beginning cf the program considerable trouble was encountered in obtaining 
dross-free welds but this problem w a s  solved by tlsing an excess amrunt of 
cover gas and by cleaning the filler rods jas t  prior to welding. 

The specimens tested and recorded 

At the 

Althozlgh none of the specimens developed cracks,  the weld jcint effi- 
ciency of alloy IA 6 was the poorest of the three alloys under development, 
while alloy ZLH 972 was easy to weld and had good efficiency. These results 
a r e  surprising in view of the high zinc content of alloy ZLH 972, and the fact 
that alloy IA 6 was the only one that contained ahmin*um. 
contained a small  amount of thorium which may have aided in preventing crack 
formation. Since all three alloys were welded with parent metal filler rods 
and s t ress  relieved during aging, stress-corrosion cracking is expected to be 
negligible. 

All three ailoys 

The weldability of 114 alloy w a s  again studied during the las t  mcnth of 
the program for confirmation of the ear l ier  results. 
from three inch wide stzips of as-rolled 114 alloy by the heli-zrc technique, 
using I14 alloy strips for welding rods and bottled argt;n a s  the iner t  gas 
atmosphere. Steel back-up plates were used to minimize the heat-affected 
zone. 
the molten metal t o  penetrate 1 / 4  inch below the weld plates and, a t  the same 
time, chilled the molten metal to obtain a finer grain size and to reduce 
contamination. 

Wddments were made 

These plates were made with a 1 / 4  inch diameter groove which a’kwed 

Examinations of the welds showed that the weld metal w z s  clean except 
for the metal that was in the groves. This metal. was overchiiled which, along 
with the oxide film forming on the molten weld metal, has the effect of pro- 
ducing folds in the metal. In the final test  specimen, these folds acted a s  very 
severe notches. When the beads were removed by mach in iq ,  tensile values 
were obtained from a few tests made on this welded material ,  which was solu- 
tion heat treated for three hours at 625OF. The data a r e  repcrted in Table 1 .  
The results were found to be comparable to the properties of parent metal 
heat treated in the same manner, and confirm the ear l ier  reszl ts  that this 
alloy can be MIG or TIG welded with much greater than the 80% sfficiency 
goal of the contract. 

2. 5 Coatings DeveloDment 

In order to obtain the respocse of thest: alloys to existing coatings a t  
rninirnum cost to the government, material  was initially sent to commercial 
vendors for application of any coating they considered applicable. At the 
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same time metallic coatings and modified corrosion coatings were developed 
and applied in the AMF laboratory. 
both negative and favorable, a r e  reported below. 

The results of the overall effort, including 

2 . 5 . 1  Commercial Coatings 

At the AMF laboratory, MacDermid MDo78, a stannate coating, w a s  
applied to ZLH 972 and IA 6 for subsequent testing. The coating w a s  easy to 
apply to the former alloy, but considerable difficulty w a s  encountered in 
applying it to IA 6 ,  and the final coating w a s  not satisfactorf.  Allied Mag 15,  
a hexavalent chromium conversion coating, and the NASA modified zincate 
coating were successfully applied to alloy ZLH 972 and exhibited good surface 
quality. In addition, all three alloys were given an 8% phosphoric acid treat- 
ment, but an adherent coating did not develop. 

Alloy ZLH 972 w a s  easily cleaned prior to coating by using an alkaline 
cleaner and a chromic-nitrate pickle. 
two alloys and a new cleaning procedure had to be developed for them. The 
best precoating treatment developed for these alloys consisted of degassing 
with acetone, immersing the specimens for three minutes at 189 F in Mac- 
Dermid Metex E 314 alkaline cleaner, followed by immersion in the Mac- 
Dermid Mag D-CP for three minutes at ambient temperature. 

This treatment did not clean the other 

0 

After establishing good cleaning procedures, the development of a 
metallic coating was initiated by applying a prime coating of electroless nickel. 
Ciood adherent coatings w e r e  obtained by keeping the bath at a pH of 10.5 and 
immersing for 15 minQtes at  120°F. 
stirring of the bath resulted in thicker deposits which did not adhere to the 
surface of the specimens. 

Longer immersion times and vigorous 

The NASA modified zincate coating, NASA Technical Brief 65-10294, 
October 1965, was also tried a s  on intermediate coating for  electrodeposited 
gold and nickel. A thin layer of the zincate coating w a s  applied to specimens 
of each alloy. 
over the zincate coating before electroplating, bu: this step w a s  omitted in 
order to obtain a brighter final deposit. 
zincate bath, rinsed, and immersed directly into a Harshaw proprietary 
bright nickel plating bath. 
sur face. 

Normally a flash coating of cyanide nickel would be applied 

The specimens were taken from the 

The final deposit had an exceptionally bright 

Initial attempts to coat a layer of copper on the zincate coating resulted 
in a "burned" deposit. 
at  1 3 5 O F ,  and using 15 asf with mechanical bath agitation. 

This was done in a pH 10,  cyanide-fluoride copper bath, 
These results 
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suggested that a lower clrrrent density w a s  required for adequate deposition. 
Successful plating was accomplished at a cur ren t  density of 8 asf. The cyanide 
copper proved to be a good base for  final bright electrodeposits; a bright nickel 
and a bright copper over-coating w e r e  successfully applied. 

Bright nickel plating was accomplished in a proprietary W a t t s  type bath, 
sbtained from the Harshaw Chemical Company, a t  40 asf ,  140°F, and pH 4.5, 
using air agitation. Bright copper plating w a s  accomplished in  a proprietary,  
Udylite Company of Detroit, acid copper bath at 85OF, 15 asf and with mechani- 
cal  agitation. No adverse reaction occurred between the specimens and the 
acid copper bath because of the protection offered by the pr imary coatings. 
Some work w a s  done on coating the specimens directly in an alkaline copper 
bath without any preliminary coating. 
the specimens were  not completely covered \-;ii;i the coating and no optical 
measurements could be made. 

While ths resul ts  were  very encouraging, 

The spectral  total reflectance of bright nickel, bright copper, and 
buffed specimens of uncoated alloy ZLH 972 was measured in  the range from 
230 to 2650 m p, i. e. , from the ultraviolet, through the visible, and to the 
near infrared. 
tance values measured vs. MgO as a standard. 
copper coating w a s  exceptionally good, especially for a coating that was 
neither polished nor buffed. The copper coatings, as measured,  had some 
blistering, which couid be eliminated by adjusting the plating conditions. 

Typical resul ts  a r e  shown in Figure 47 with all percent reflec- 
The reflectance of the bright 

A requirement for the alloys under development in  this program w a s  
that they must  be coatable by standard means,  although development of c; 
new coating w a s  not required. 
easy task. This was done by applying an initial low temperature (120'F) 
electroless nickel plate and flash plating i t  with copper pr ior  to gold plating. 
The composition of the electroless nickel bath is as follows: 

Electroplating the alloys was found to be a n  

50 g / l  NiS04 * 6 H,O L. 

NaH PO2 ' H 2 0  
2 

25 g / l  

25 g / l  Na4P207 

The f i r s t  two compounds w e r e  mixed with wateh a t  150°F prior  to dissolving 
the sodium pyrophosphate. Water was added to make one liter, and NH OH 
added to the solution until a pH of 10 w a s  obtained. No special surface pre-  
paration was found necessary prior to nickel plating, which took a total of 
two minutes to obtain uniform coating. 

4 

Copper flashing was found necessary 
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for obtaining a pit-free layer for the final metal coating. No corrosion w a s  
observed on the gold coated specimens after four months of exposure to the 
atmosphere. 
necessary to completely cover the specir en with electroless nickel before 
copper flashing or  a black deposit would 

The gold coating was applied in a cyanide bath, and it was found 

esult. 

A very thin and hard plastic coati.1g was successfully applied to a 
specimen of alloy I14 pilot ingot material. 
remained bright and shiny after one montll's exposure in a metaliography 
laboratory and in a humidity cabinet. 
a product of Rector Engineering Company of Washington, D. C. It is essen- 
tially a polyurethane coating which c ross  links any surface moistxre, during 
a i r  drying, to stifle corrosicn. The coating contains xylol, cellosr3:l.c 3ce- 
tate (Union Carbide), and urethane; the first two eliminate a blushing k'ublem 
which might cause blistering a t  the interface, and promote good flow chzrac- 
terist ics to keep the coating a s  thin as possible. 
four hours a t  70°F and 50% relative humidity with a Swoard Hardness (NBS) 
of 25. 

The surface of the coated panel 

The coating is called Sealtemt 8630, 

The coating air dr ies  in 

After three days the hardness is 36 and after seven days it is 40. 

Another coating, an epoxy, called Castaband #250, which is very flex- 
There w a s  no ible in liquid nitrogen and inert  to a hard vacuum, w a s  studied. 

problem in applying this coating to the pilot ingot material. 

Specimens were successfully zincated by the MacDermid Corporation 
and then copper flashed for subsequent plating. 
anodize I14 ingot material ,  but were not successful. 

This company also tried to 

2.5.2 Coatings DeveloDed in AMF Laboratorv 

As previously stated the purpose of this phase of the program is to 
develop a coating to protect the metal from marine atmospheric corrosion 
and, i f  possible, serve the dual purpose of controlling the temperature of a 
vehicle when exposed to the extremes of darkness and bright solar energy in 
aerospace service. 
functions, one is a dull black coating with high solar absorption, which is 
also corrosion resistant; and the other is a highly reflectant outer coating 
which can be applied to the black primary coating when needed. 

On this basis two coatings were developed to serve these 

2.5.2.1 Corrosion Resistant Chemical Conversion Coating, FSC- 

This coating is  more conveniently applied while the alloy stock is being 
hot rolled to wrought sheet. 
optimum initial application during hot rolling, (2) for application finished bare 
wrought sheet, and (3) for repair of handling scratches,  welded or  other 

The procedares ultimately developed for (1) the 
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coating damaged areas  has been summarized in NASA New Technology 
disclosure on FSC-1 coating of specified magnesium-lithium alloys, shown 
on the following pages. 

In order to tes t  the corrosion resistance of the black chromate c'm- 
version coating to sea air exposure, coated panels were taped to a wooden 
frame and placed 80 feet from the ocean at an AMF test  si te in Waterford, 
Connecticut. 

Commercially coated specimens were also tested along with the panels 
coated at the AMF laboratory; these coatings included MacDermid D17, Allied 
Mag 15, and more  recent specimers of a l l  the alloys coated by AMCHEM Pro -  
ducts, Inc. of Detroit, Michigan. The latter company reported that the alkali 
cleaning, deoxidizing (etching) and activating stages normally used to prepare 
magnesium alloys for coating were not required for alloy 114. 
specimens were simply immersed in their 62-20 Mg-phosphating solution for 
t x o  minutes at 80°F followed by a wa te r  rinse. The resultant coatings were  
adherent and had a dark green (almost black) color on alloys I14 and ZLH972 
and a lighter green color on alloy IA6. 
and did not appear to completely cover the whole specimen. 

Instead, the 

The coating on alloy IA6 w a s  spotty 

After exposure to the Marine Atmosphere for one month the specimens 

A picture of three typical specimens a r e  shown in Figure 48. 
were rinsed in tap w a t e r  and returned to the Alexandria Laboratory for examin- 
ation. 
specimen- coated with D17, shown at the top of the picture, had isolated pits 
which were very deep and the Mag 15 specimen'> showed very little resistance 
to a marine atmosphere. 
the AMF Laboratory, which is being designated a s  FSC-1, stood up well in 
this atmosphere. 
deep enough to affect the substrate material. 
was severely corroded and could not be photographed. 

The 

The black chromate conversion coating applied at 

The corrosion effects were uniform and did not appear 
An uncoated control specimen 

2. 5.2.2 High Reflectance Coating Technology 

Since the chromate conversion coating, FSC-1, applied during rolling 
w a s  found to be corrosion resistant and a good base for paint, emphasis in  
the coatings program w a s  directed towards the development of a highly reflec- 
tant outer coating which could be applied to the black conversion coating. 
than 120 specimens were coated with various combinations of vehicles and pig- 
ments including one formulation received from the NASA Goddard Space Flight 
Center. 

More 

A brief summary of these coatings is given in Table 4 .  
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TABLE 4 

SUMMARY O F  HIGHLY REFLECT ANT COATINGS DEVELOPMENT 

A. Vehicle -- Vendor Composition 

P-S-7 (Potassium Silicate) Sylvania 35.070 Solide &O:SiOa 
( 1  170 Ka0:24% SiO,) 

ikrifax 

Thermal  Grain #3 

Foote LiaO:Ala0a(4. 296, LiaO: 
Mineral 17.3% Ala00:76.lOqC 

SiOa) 

Foote LiaO:AlaOo:SiOa(7.1- 
Mineral LiaO: 26.8% Ala-: 

63.4% SiOa) 

The lithium aluminum sil icates were used as both vehicles and 
pigments. 

B. Pigment 

ZnO 
T ioa 
ZrOa 

Vendor Siee - 
New J e r s e y  Zinc. Go. 0 . 4 ~  
Dupont -150 t 170 Meeh 
C ab0 t -170 t 200 Mesh 

C .  Coating and Preliminary Reeulte 

1 .  P-S-7 t ZnO - Coating v e r y ' f l M  but good reeults obtained 
with lOOg PS7 t 58g ZnO t 50 cc HaO, 

2. P-S-7 t TiOa - bes t  resdts  with lOOg PS7 t 92g TiOa t 50cc 
€32 0. 

3. P-S-7 t ZrO, - Could not be suspended- in water.  

4.  K,SiOa t TiO, t AlaOa( 13.7g t 5 cc  HaO) Coating obtained 
from NASA Goddard, a/ E 0 . l .  

5. Thermal  Grain #3 - Tan colored coating resulted - omitted 
fur ther  development. 

6 .  Zerifac - These coatings would not cure  a t  any temperature 
up to 200°F. 

7. 50g Zerifac t 50g TiOa t 150 cc Ha0 - Good coating, cured 
a t  room temperature.  
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The pigments tabulated in Table 4 were  1Jsed j i u s t  as they were  received 
from the vendor without additional ball  milling or  blending for added uniformity. 
Fo r  each case highly reflectant coatings were applied over the black chromium 
conversion coating in alloy 114. The selected coating formulations were  based 
upon typical low a/ E coatings commonly used for thermal  contrcl  of space 
vehicles. 

These formulations involved ZnO, Ti02 and Z r 0 2  as pigments and 
potassium sil icate (PS-7)* or  lithi.:.m aluminum sil icate (Zerifac) as vehicles. 
In par t icular ,  three coatings were  evaluated in this phase of the program, i .  e. 
(1) PS-7tZn0,  (2)  PS-7 t TiO2, and (3) Zerifac ( Z R )  t T i02 .  

Solar abscrptance values, a ,  were  calculated from spectral  reflectance 
measurements in the 0.23 to 2.  65 p range, performed using a Beckman DK-2A 
Spec tr or eflec tom ete r . 
prepared MgO standards. 
using l i terature  values for the spec t ra l  reflectance of MgO. 
was based on the expression: 

Mea su r  em ent s were  perform ed r elatl ve to freshly 
Conversion to absolute reflectance was accomplished 

The calculation 

where a. is the Solar absorptance, ax i s  the spec t ra l  absorptance,  E l  is the 
spectral  energy distribution of solar radiation above the ear th ' s  atmosphere,  
and 5 = 1 -r  where r is the absolute spectrzl  reflectance. The integrals 
were  evaluated graphically by measuring the a r e a  under the graphed functicns 
of E and ctX E x .  

x 
x 

The spectral  reflectance curves for  the coatings of ZnO-potassium 
sil icate,  Ti02-potassium sil icate,  and Ti02-lithium aldmingm sil icate a r e  
presented in Figures 49-5 1. 

* PS-7, potassium sil icate,  w a s  supplied by Sylvania Electr ical  
Products,  Inc. , Towanda, Pennsylvania, and is characterized 
by its high purity. 
24.0% Si02. 
formulation. 

The chemical composition is 11.0% K 2 0  and 
W a t e r  w a s  added, a s  necessary,  to prepare  a sp.rayable 
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The values of solar absorptance calculated from these curves a r t  
0. 27, 0.29 and 0.20.  
tance for ZnO-potassium silicate coatings range between 0.13 and 0.27. I t  
should be realized that the main interest for the presently prepared coatings 
were in their compatability with the black corrosion-protective layer,  rather 
than in attai g the lowest possible value uf solar absorptance. With slight 
additional r f  ,earth it should be possible to consistantly prepare coatings with 
solar absorptance values below 0.20, even though applied over a black primary 
coating. 

For comparison, the reported values * of solar absorp- 

In addition, we have measured the spectral  reflectance in the 1 - 151.1 
region (Figure 52) for the T i 0  -potassium silicate coating to enable approxi- 
maie calculation of the total emittance. 
sured using a Blackbody Reflectnmeter .Apparatus** constructed at AMF. 
The total normal emittance, ctn, w a s  calculated from the spectral  reflec- 
tance, rA. according to the expression: 

2 
The absolute reflectance w a s  mea- 

where el is the spectral  emittance, which equals 1-r and W is the spectral  
energy distribution for a blackbody a t  400°K (the approximate temperature of 
the sample surface). 
mannzr to that described for the solar absorptance calculations. 
lated total emittance for this sample was  0. 5u, giving an  de value of 0.29/ 
0.56 or 0 .  52. 

x A 

The integrals w e r e  evaluated graphically in a similar 
The calcu- 

* G. A. Zerlaut, Y. Harada and E. H. Tompkins, "Ultraviolet 
Irradiation of White Spacecraft Coatings in Vacuum", p. 391, 
'.n Symposium on Thermal Radiation of Solids" S. Katzoff 
(Editor). NASA SP-55, (1965). 

** E. A. Schatz, C. H. Alvarez, T. L. Burks, C. R .  Counts 111, 
F. J. Dunkerley "High Temperature, High Emittance Inter- 
metallic Coatings", P a r t  11, M L  TDR 64-179, July 1964, 
AD 472439. 
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The absolute spectral  reflectance in the 1 - 1 5 ~  region for Ti0 -potas- 
2 sium silicate was repeated because of experimental difficulties encountered 

with the f i rs t  measurements and the absolute spectral  reflectance for ZnO- 
potassium silicate and Ti02  - lithium aluminum silicate coatings were obtained 
in the s2me region. These curves a r e  shown in Figure 53. 

The calculated t o k l  emittance for these coated specimens were: 

ZnO - Potassium Silicate 0 .76 0. 36 

TiOZ- Lithium Aluminum Silicate 0. 76 0.26 
TiOZ- Potassium Silicate 0. 78 0.37 

where e is the total normal emittance as defined above. tn 
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2. 6 X - K a y  Diffraction Studies 

X-ray diffraction patterns were obtained ear ly  in the program for 
the three alloys scaled-up and studied throughout this program.  Flat, 
polished specimens were placed in a rotating specimen holder which was 
par';. of the Norelco x - r a y  diffraction equipmen.t used for these studies.  The 
specimens were rotated a t  a speed of two degrees  per  minute and i r radiated 
with CuK,y,. 

The x- ray  data obtained for the three wrought, pilot ingot mater ia l s  
a r e  tabulated in Table 5,  A through C, along with a pat tern obtained €or pure 
magnesium. 
36. 1 5  degrees  fcr  alloy U6 and did not change as a function of solution heat 
treati.ig time o r  as  a function of aging time. 
at the 101 plane, as it did for pure magnesium, with a corresponding d value 
of 2. 485.i which also did not change significantly with hea t  treatment.  

The maximum intensity occurred a t  a 2e angle of 3 6 .  10 to 

The maximum intensity occurred 

The maximum intensity a l so  occurred  a t  the 101 plane for alloy 
ZLH 972 with a corresponding d value of 2. 491 .;. 
a modification of a!loy I1 4 D which contained 8% zinc and 7% lithium. 
pattern obtained for alloy I1 4 D (not shown) was similar to the one obtained for 
the unmodified alloy I1 4 shown in Table 5E. 
intensity occurred a t  a 2e value of 35 .  1 degrees  a f te r  rolling and pr ior  to heat 
t reatment  with a corresponding d value of 2.  556. 
and aging, the pattern changed significantly. The maximum intensity occurred 
a t  a 2P value of 51. 3 5  degrees  with a corresponding d value of only 1. 7798. 
This plane h a s  te.ltatively been identified as a03 indicating that the mechanism 
of aging is vastly different in alloy I1 4 compared with the other two major  alloys 
developed in this prograin.  More exhaustive x - r a y  studies,  although outside 
the scope of this program, would undoubtedly be m o s t  helpful in obtaining a 
better understanding of the micros t ruc tura l  constitution of these alloys in 
variously processed and heat-treated s ta tes ,  the nature of age hardening r e  - 
actions, and many other aspec ts  of their  physical metallurgy. 

This  alloy is actually 
The 

F o r  this alloy the maximum 

Upon solution heat treating 

2 . 7  Machinability 

To determine the machinability of alloy 114, the constant -pressure  
machinability experimental s e t  up dgscribed in NASA CR-79, June 1964, * 
was modified slightly as follows: Constant p r e s s u r e  producing the feed, and 

* T. G .  Byrey, E. L. White, and P. D F r o s t ,  "The Development of 
Magnesium -Lithium Alloys for S t r w t u r a l  Applications", NASA CR -79, 
June 1964 
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A.  Pur. MaInemlum 9- 

9 -  d nlum % 
69.9 1.36 8.65 201 
68.5 1.369 2T.8 112 
63. I 1.W) 11.15 103 
4T.8 1,903 22.25 102 
36.6 2.452 IO0 101 
34.4 2.601 19 002 
32. I 2.T88 49.4 100 

OT. T 
16.5 
13.0 
64.3 
64.8 
64.2 
51.1 
54.55 
51.9 
48.4 
44.65 
40. I5 
31.8 
36.9s 
36. 10 
35. I 
32.3 
26.4 
24.2 
22.85 

1. 120 14.1 
1.245 14.9 
1.296 15.3 
1.313 23.3 112 
1.439 51.5 
1.451 21.T 
1.590 18.2 
1 . 0 2  33.1 
1.162 81.0 
1.881 20.2 IO2 
2.029 29.4 
2.246 23.1 
2.380 31.1 
2.443 30.0 
2.488 loo 101 
2.556 38.8 002 
2.Tll 38.8 100 
3.3T6 36.4 
3.611 45.5 
3.892 09 

28 

81.6 
16.6 
13.1 
16.55 
69.25 
64.15 
64. 8 
64.0 
60.3 
I T .  I 5  
54.9 
51.9 
48.4 
44.95 
38.05 
36.85 
36.05 
34.9 
32.3 
26.61 
23.05 

- d n h a  

1.114 
1.244 
1.285 
1.335 
1.351 
1.365 
1.439 
1.455 
1.535 
1.596 
1.672 
1.162 
1.881 
2.01) 
2.365 
2.439 
2.491 
2 . 5 T I  
2. TI I 
3.346 
3.858 

- 
8.  15 
1.5 
8.45 
8.15 

11.15 
13.T 112 
20 
16.9 
8.0 

20 1 IO 
4T. 2 

26.2 102 
25.7 
51.8 
67.5 
93.8 101 
34. 3 
25.3 I O 0  
30.0 
40.6 

100 

and A p d  10 Ilouta at 200°F 

81.8 
80.75 
Tb. 55 
T 3 . 2  
68. 3 
64. U 
64.0 
51.1% 
54.6 
52.0 
48.4 
44.1% 
3T. 8 
36.85 
36. I5 
38. 14 
32.35 
I t .  95 

1.112 11.7 
I. 190 10.9 
1.244 IT.) 
1.293 I t .  I 
1.313 32.0 I I2 
1.439 85.: 
1.455 15.4 
1.596 13.6 I IO 
1.m1 22.5 
L T 5 8  53.0 
1.181 14.3 
2.025 31.0 
2.380 39.5 
2.442 26.6 
2.485 loo 101 

2.TbT 21.6 loo 
3.815 67.8 

2.553 . 22.8 

E. A U q  U 4  A i  R d l d  at 450% 

3 d nlam 

81.1 1.113 
83.05 1.163 
14 1.201 
60.95 I.36t 
64.95 1.436 
65. 15 1.452, 
51.8 1.595 
55 , 1.669 
52. I 1.155 
48.5 1.893 
45.05 2,012 
42 2. I51 
40. I 2.248 
38.1 2.365 
3 1  2.429 
36. I5 2.485 
35.1 2.556 
32.45 2.159 
30.15 2.WT 
26.15 3.333 
23.2 3.834 
20.T5 4.281 

1.2 
I 4  
I1 
15. 3 I I2 
46 
31.5 
11.5 I IO 
I1 
41 
21.5 I02 
22.5 
13.5 
16.2 
15. 5 
54 
29 IO1 

100 
18. 5 
21.1 
22.1 
86.1 
29.8 

16.6 1.244 10.4 
T3.05 1.215 13.0 
69.5 1.352 10.4 
68.3 1.313 20.0 
64.9 1.4% 10.0 
64. I 5  1.451 IT.) 
51.8 1.510 14.6 
54.6 1.60) 22.m 
52.0 1.158 T2.0 
48.5 l.8T1 14. I 
44.T 2.021 24.6 
43.3 2.089 14.4 
40.2 2.243 18.4 
31.85 2. 380 30.0 
3T .O 2.419 26.2 
36. I 5  2.485 100 101 
35. I 2.556 32.0 00: 
32.4 2.163 21.6 100 
26.5 3.333 28.Q 
24.35 3.655 32.4 
23.0 3.86T T4.2 

20 d *.lam - -  
I T .  I I .  I18 
68.8 1.363 
64.2 1.451 
63.4 L 4 6 T  
5T. I 1.613 
54.3 1.609 
51.35 1.119 
39.4 2.287 
36.3 2.415 
35.45 2.537 
34.4 2.60T 
22. 35 3.918 

32.1 
3f .  1 20 I 
42 
30.1 103 
w. 5 
31.5 

IW 003 
21 
48.5 101 
63 
46.8 do2 
42.2 
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controlled by a weight -and -pulley system that turned the c a r r i a g e  feed - 
control, was actually measured directly a t  the tool with a spring scale .  

The la te ra l  movement of the c a r r i a g e  w a s  measured  by a ro l le r  
chain-and-sprocket assembly attached to the car r iage .  Rotation of this 
assembly turned a cogwheel which, in turn,  closed a n  electr ical  c i rcui t  
after each 0. 1 inch of car r iage  t ravel  to record the length of t ravel .  
number of revolutions of the spindle during each 0. 1 inch of c a r r i a g e  t ravel  
was indicated on a revolution counter directly geared to the spindle. 

The 

The following s e t  of conditions was used to  machine the specimens: 

Spindle speed - 200 RPM 
Bar Diameter - 0 . 7 5  inches 
Depth of Cut 
Tool Geometry 

- 0.  050 inches 
- 5-degree back rake angle 

3 -degree front relief angle 

A seven pound weight on the pulley resulted in a force a t  the tool 
bit of 20-ounces which, when machining the I14 alloy, resulted in a feed r a t e  
of 11. 6 revolutions of the spindle for every 0. 1 inch of car r iage  travel,  i. e . ,  
a feed r a t e  of -0086 inches per  revolution. 
better than that reported by Byrer  et  a1 in NASA CR-79 for  alloy LA141, but 
the machinability tes t s  were within 5% of those reported by Byrer  e t  a l ;  it m u s t  
be concluded that the higher machinability ratings obtained h e r e  for I14 alloy 
a r e  most  significant. 

This machinability is considerably 

2. 8 Electr ical  Resistivitv 

Electr ical  resist ivity measurements  were made on flat cleaned sheet  
All measurements  were  made with a Gray  mat.eria1 and on extruded tubing. 

Instrument Company Kelvin Bridge model No .  E3272 which is readable to six 
places, h a s  an  accuracy  of t 0. 170, and a range of 0-20 ohm. 
edges were made for contacts and a t  l eas t  10 readings were made at  different 
locations on the specimens.  
below: 

Copper knife 

The resu l t s  of these measurements  a r e  tabulated 

Alloy 

I14 
I14 
LA6 

Type of Specimen Electr ical  ResistPzity at 68'F 

Sheet 
Tubing 
Tubing 

11.78 microhm - c m  
18. 5 microhm - c m  
2 0 . 8  microhm - c m  
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These resul ts  compare favorably with other wrought magnesium sheet  
mater ia l ,  e. g. 
HM31A ( 6 . 6  microhm-cm).  

A Z 3 1 B  (9.  2 microhm-cm) ,  AZ61.4 (12. 5 microhm-cm) and 

2.  9 Thermal  Conductivity 

Specimens of I14 alloy, 1" diameter x 6" long were  employed in  a steady 
s ta te  heat flow thermal  conductivity devised by Dr .  Walter Norew, University 
of North Carolina a t  Charlotte, Charlotte,  North Carolina. The measuring 
system consisted of the probe of radius,  ro,  made up of a resis tance heater  of 
length, Lh,  and a carefully calibrated copper- constantan thermocouple. The 
specimen was dril led t o  receive the probe and t ime-temperature  values r e -  
corded a s  +he temperature  of the resis tance heater  was gradually increased. 
The same procedure was used on cooling, except that c a r e  had to  be taken t o  
insulate the specimen t o  a s s u r e  slow steady-state cooling. 

P u r e  copper was used to  calibrate the apparatus and evaluate the con- 
stants in the relationship, f rom which the thermal conductivity, T ,  were  cal-  
culated directly,  i. e.  , 

T = cT(Os/Lh)/4rr k In (4D/r;) t 

where C = 
r o  = 

Q s  = 
k =  
D =  

constant; 
radius of probe; 
measured heat flow in the specimen; 
thermal  c onduc ti vi ty ; 
thermal  diffusivity, = k / c ,  where c is the heat capacity :>er unit 

t ime; 
length of res is tance heater .  

volume of the mater ia l ;  

Values obtained a t  two average test  temperatures  a r e :  

a t  125'F K = 27.  2 BTU/hr.  / f t .  / O F ;  
a t  167OF K = 31.  1 BTU/hr.  /ft. /OF. 

Based on the National Bureau of Standards values for  the pure copper 
used to calibrate the apparatus,  these values a r e  estimated to be accurate  
within i3'30. 
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2. 10 Extrusion of Thin Wall Tubing 

The purpose of these studies was to compare the workability of the 
three alloys by extrudi1.g 1 inch 0. D. thin walled (0.025 inch) tubing. In 
preparation for extruding, 2 1 /8  inch diameter rods were  machined f rom 
the three pilot ingots and used directly, (without any pretreatment) as extrud- 
ing billets. 

Extrusion t r ia ls  were conducted on a million ton hydraulic p re s s  a t  
an AMF facility in York, Pennsylvania. Initially, the billets were  heated to 
temperatures of 600 F, 700°F and 800°F in an a i r  circulating furnace pr ior  
to inserting them in a porthole die. No lubrication was used and ram speeds 
of 1 to 2 ipm were employed initially. None of the alloys extruded success-  
fully under these conditions and the results in each case  were  characterized 
by an inability of the longitudinal edges of the pipe to  weld together. 

0 

The initial extrusion studies showed that extrusion parameters  de-  
veloped for other magnesium-lithium alloys such as LA 141 could not be used 
successfully to extrude the higher strength alloys under development in  the 
current program. Consequently, the cri t ical  extrusion parameters  were  
thoroughly studied in the laboratory on a smaller ,  and more  convenient, 20 
ton hydraulic press .  The preliminary studies showed that heating the billets 
to 700°F and using slower r a m  speeds were necessary for extrusion and that 
neither lubrication nor elaborate provisions for  protecting the metal  f rom 
oxidation were required. 

After successfully extruding short  6 inch tubing in the 20 ton p res s ,  
further attempts were  made to extrude longer tubing in the larger  press .  
The billets were  heated in situ along with the porthole die without using iner t  
argon cover gas for oxidation protection. 

A l l o y  I14 and alloy IA 6 were  successfully extruded under the follow- 
ing conditions: 

Ex t rus  i on T emp e r a  tur e 725OF 
r ' i e Temperature - 500°F 
d a m  Speed - 0. 025 ipm 
Tubing Run- out Speed - 2. 24 fpm 
P r e s s u r e  on Billet - 42,500 psi  
Extrusion Ratio - 61: 1 

- 

Alloy ZLH 972 could not be successfully extruded in the large press  
indicating that, on the basis of present knowledge, thib alloy could not be 
extruded ky a commercially feasible practice. 
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The length of successfully extruded tubes was limited to four feet 
because of limitations on the available space in  the extrusion press .  Chemical 
analyses of the extruded mater ia l  showed that approximately 1/2'?"0 of lithium 
was depleted from the f i r s t  1 / 2  inch extruded f rom the die and that the remain- 
ing portion of the tubing maintained the nomina1 composition of the original 
billet. The small amount of depletion was probably caused by oxidation and 
was not considered to be serious enough to warrant oxidation protection. A 
picture of two extruded tubes and two other sections cut f rom these tubes is 
shown in Figure 54. The outer surface of the tubing appeared rough because 
the die itself was in need of polishing and not because of any lithium depletion 
or other forms of corrosion which could be detected by conventional metallo- 
graphic techniques, e. g . ,  see Figures  55A and 55B. 

Tensile specitxens were  machined from th- tubes and tested in an  
Instron Tensile Testing Machine a t  ambient temperature. 
had to be employed in order to  avoid introducing notches in this very thin ma- 
ter ia l  and a specia l holder was made to  gr ip  the rounded surface. 
average mechanical properties of the tubing were found to  be: 

Careful machining 

The 

Alloy I A  6 27,600 psi  UTSI 22,000 psi Y S  (0.270 offset), 18.870 El in 2"; 

Alloy I14 42,500 psi UTS, 35,000 psi Y S  (0.270 offset): 13.2% El in 2". 

The low strength values obtained for alloy I A  6 were  attributed to  the 
high extrusion temperature rather than to  the introduction of notches or to  any 
difficulties attributed to  holding the specimens in place during testing. The 
strength obtained for alloy I14  was considered good although the variation in 
the data reduced the average tensile strength to  below the 45,000 psi  goal for 
the program. 

The photomicrographs of the extruded mater ia l  which are shown in 
Figures 55A and 55B show a segregated 8 st ructure  indicating that higher 
strength and perhaps greater  ductility could have been obtained i f  the mater ia l  
was extruded a t  a lower temperature but, unfortunately, this did not appear 
feasible. 

Alloy ZLH 972 was brittle a t  the operating temperature,  which, in 
addition to  the weltling difficulties, prevented the metal  f rom extruding. This 
result  confirms the high temperature brittleness effect encountered while hot 
rolling alloy ZLH 972 a t  65C)OF to 800°F. The high temperature brit t leness of 
this alloy was, therefore, confirmed and no further attempts were made to ex- 
trude i t .  

2. 11 Final Tensile Propert ies  

A s  a final phase of the program several  59 lb. lots of I I A  alloy were  
prepared with the optimum melting and neat fabrication practices developed 
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in  the course of this thir ty- three month pragram. 
submitted to various heat treating pract ices  and test?d in tension a t  cryogenic 
to  ambient temperatures;  the alloy was a l s o  tested for thermal  stability and 
a l l  these data a r e  summarized in the section below. 

This  mater ia l  was then 

2. 11. 1 Final  114, As-rolled Proper t ies  and Thermal  Stability 

The as-rol led tensile strength of the newest I14 mater ia l  (heat number 
4-9-1 rolled a t  675'F with two final skin p a s s e s  a t  450° was found t o  be 
45,000 psi  af ter  a total reduction of 8570 which was exactly the average  tensile 
strength obtained e a r l i e r  in the program for  mater ia l  processed f r o m  heat 
number 4-8-2B. 

After confirming the e a r l i e r  tes t  resul ts ,  the stability of the as-rol led 
I14 mater ia l  was tested by heating tensile specimens in a 150°F oil bath for  
various lengths of time and then testing them in an  Instron Tensile Testing 
Machine a t  ambient temperature .  The resu l t s  of these tests are  shown i n  
Figure 56. 

The as-rol led material was found to  be s table  a t  150°F for 50 hours ,  
but the average tensile strength dropped t o  43,000 psi  af ter  70 hours of ex-  
posure. These resu l t s  a r e  very similar t o  the resu l t s  obtained earlier in the 
program when I14 tensile specimens,  made f rom hea t  No. 4-8-2B mater ia l ,  
w e r e  exposed for 72 hours  a t  150°F. At that t ime an  average tensile strength 
of 43,500 psi  was obtained af ter  this lenghly exposure t ime and i t  w a s  thought 
that the materia: was very s table  considering that the thorium content of the 
4-8-2B mater ia l  was l e s s  than 1%. However, the new mater ia l ,  i. e . ,  heat No. 
4-9- 1, had a thorium content of 1. 570, indicating there  is l i t t le difference be-  
tween the stabilizing effects of l. 5% and 1% thorium when the s tar t ing condition 
of the alloy is the as-rol led condition. Extending the total exposure time to 
164 hours resulted in a reduction in  tensile strength f r o m  45,000 psi  to  38,000 
psi  and a corresponding increase  in elongation (within 2 inches) f r o m  15% to 
24%. 
of 38,000 psi  and the hardness ,  as measured on four separa te  specimens,  did 
not change af ter  320 hours of exposure to  150°F. 

Figure 56 indicates that the tensile strength is stabilizing a t  the minimum 

2. 11. 2 Mechanical Proper t ies  of Heat Treated Mater ia l  

The resul ts  obtained thus far indicate that the I14 alloy can be used 
successfully in the as-rol led condition and that a sheet  metal  producer may 
safely ship and stock the mater ia l  in warehouses in this condition without fear 
of degradation of the mechanical propert ies  under ordinary service conditions 
where the temperature  does not exceed 150°F. However, a mznufacturer 
may wish to  heat t r e a t  the mater ia l  and ear l ie r  resu l t s  have indicated the alloy 
will respond to  heat treatment;  therefore,  to  complete the alloy development, 
heat treating studies were  continued. 
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Fla t  sheet s p e c i m m s  w e r e  solution heat treated a t  625OF, 650°F, and 
675'F for th ree  hours in  a n  argon atmosphere and then quenched by pushing 
them out of the hot zone of the furnace into a chamber cooled by running water.  
Ear l ie r  resul ts  have shown that the blloy is not sensit ive to the ra te  of quench. 
The hardness  of the mater ia l  immediately a f te r  the quench was usually Re  88 
but would increase  t o  i t s  permanent as -quenched hardness  a f te r  approximately 
four hours at ambient temperatur? .  
to be a reflection that quenched-in point defects s e r v e  as low activation energy 
nucleation s i t e s  for precipitation and sccompanying hardening a t  low tempera-  
tures.  

This initial change in hardness  is believed 

After the solution heat treatment,  tensile specimens w e r e  machined 
0 

f rom flat sheet  .material and either tested immediately or  aged a t  150 F. 
resul ts  of testing mater ia l  which was solution heat treated a t  625OF is shown in 
Figure 57. The strength of the mater ia l  in the T - 4  (solution heat  treated) condi- 
tion was slightly low (42,800 psi)  and, as is usually the c a s e  for these mater ia l s  
in the T-4 condition, the % elongation within 2 inches was low. 
to aging at 150°F was very sluggish as shown by the '70 elongation vs. t ime curve 
i n F i g u r e  57 which increased very slowly t o  about 5% after  94 hours a t  tempera-  
ture. The average tensile strength a l s o  increased t o  a little m o r e  than 46,000 
psi  and the hardness  remained essentially unchanged. Solution heat treating a t  
600°F resul ts  in the formation of a very fine precipitate of MgLi,ZnX, where X 
is Ag for the I14 alloy, around the periphery of the ductile fl phase. This preci-  
pitate is evidently s table  a t  15OoF and a higher aging temperature ,  e. g. 200°F, 
is required to raise the elongation to  15% as was done earlier i n  the program. 

The 

The response 

Solution heat  treating the I14 alloy a t  650°F resulted in a quicker response 
to  aging a t  150°F as shown in F igure  58. With this higher solution heat  treating 
temperature  the elongation r o s e  to 1570 s f t e r  30 hours  a t  150°F and tke ultimate 
tensile strength remained unchanged for  a t  least  50 hours although i t  seems to 
be declining af ter  70 hours.  

So1u;ion heat treating the 114 alloy a t  675aF resulted in very brittle ma- 
ter ia l  which showed little response to aging a t  150°F as shown in  F i g u r e  59. 
The fractured surface of these specimens showed s o m e  evidence of gra in  growth 
which accounts for  the poor ductility of the mattrial a i te r  a 675OF solution heat 
treatment. 
the effect of grain growth; 650°F will therefore be recommended as a safe  upper 
temperature  l imit  for  solution heat treating. 

N o  amount of aging will improve the ductility enough t o  ov2rcome 

2. 11. 3 Cryogenic Testing of I14 

Cryogenic tensile values a r e  summarized in Table 6. The as - ro l led  
tensile strength is exceptionally high a t  -320OF with some usable ductility 
(4% elongation). 
improve the ductility and heat treated specimens tested in both liquid nitrogen 

S t r e s s  relieving the specimens for  2 hours a t  150°F did not 
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Figure 57.  Properties of Alloy I14 Solution Heat Treated Three Hours 
at 625'F and Heated at lSO°F for Various Time Intervals 
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and liquid helium are see? to very substantially exceed the low temperature 
strength requirements a s  well as meeting the minimuin ductility goal of 8%. 
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APPENDIX I 

TECHNIQUES USED FOR CHEMICAL ANALYSES 

The chemical composition of the ingot that i s  being saved for  
processing and delivery to the George C. Marshall  Space Flight Center is as 
f o l ~ o u ~ s :  

Mg t 1.5Th t 7.3Li  t 5.5Zn + 4.58Cd t 5.61Ag 

Chemical analyses play an extremely important par t  in this 
alloy development program. Therefore ,  with due respect  to this phase 
of the program, the techniques which have been used t o  determine the chemical 
composition of the pilot lot ingots and the final wrought products a r e  presented 
i;nd discussed herein.  

The methods used for the analyses of s i lver ,  thorium, lithium, 
zinc , aluminum and zirconium requj red  dissolving the alloy in hydrocholoric 
acid The same dissolved sample could therefore  be used for  all these analyses.  

Silver Deter-. ‘nation 

Approximately four g r a m  samples  of the Mg alloys were dissolved 
in about 30 ml of concentrated HC1. The acid must  be added gradually in small 
amounts to  prevent a violent reaction, otherwise par t  of the sample may b c  l a a t  
by sputtering and spraying. 2 2  
and to  boil until the sample completely dissolved. 
concentrated in HC1. 

filtered through a weighed Gooch crucible,  and dried for  about onc hour a -  
llO°C. The percent si lver in the alloy was calculated f r o m  the weight of tne 
AgCl (Ref. 1 p.  979).  The fi l trate was diluted to exactly one l i ter  and saved 
for  the Th, Li, A1 and Z r  determinations. 

In certain alloys it was ~ l s o  necessary  to  add H 0 

Upon dilution to about 25a mls. with H 02, AgCl precipitated 
The solution was then very  

The soiution was allowed to stand overnight to coagulate the E ine payticles,  

Thorium Determination 

I,i the determination of the percentage thorium, an aliquot of 
the dissolved sample was used containing an estimated 2. 5 mg of Th. 
disodium salt of 0-(2-hydroxy-3, 6-disulfo - 1 naphthylazo) benaenearsonic 
acid f o r m s  a colored complex with thorium, whose peak absorbance is around 
545 m p .  At this wave length, the .<bsorbance was proportional t o  the amount 
of thorium in solution. Absorbance measurements  were  made upon standard 
Th(N03) solutions and upon the unknown solutions with a Beckman DU 

The 

Spectropl 4 otometer.  The absorbance readings of the standard solution, of 

1. N. H. Forman (editor) Scott’s -. Standard . - Methods of Chemical Analysis, 
Vol. 1 Sixth Edition, D. Van hostrand Co. , Inc . ,  Princeton, New J e r s e y  (1962). 
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which the exact thorivm content was determined by gravimetric means,  
were plotted against the thorium Concentration of the solution to  prepare 
a calibration curve.  
0 mg/lOO mls  to 1 . 2 5  mg : lo0 mls. 
of the unknown samples to the data f rom the calibration curve, the amount 
of thorium in the samples was able to be calculated (Ref. I p. 626).  

The concentration cf the Th in this curve ranged from, 
Upon comparing the absorbance reaaings 

Lithium Determination 

Flame photometry was used to determine the percentage of 
lithium in the samples. 
Li to 10 ppm Li, w e r e  excited in an oxygen-acetylene flame and measured 
at 671 nip. with a flame photometer attachment to  the B e c h a r .  DU 
Spectrophotometer. 
with the measurements of the standard solutions enabling the calculation 
~i the I rcect lithium (Ref. 1 p. 602). 

Standard lithium solutions, ranging from 0 ppm 

The emissicjn of the unknown samples was compared 

Zinc Determinatioi. 

In neutral o r  weakly alkaline solutions zinc forms a reddish 
purple complex with dithizone. 
peak absorbance a t  about 540 m u .  
0.4 ml of the dissolved magnesium sample to a mixture of (a) 20  ml. of pH 5 
ammonium oxalate-sodium acetate buffer solution, and (b! 20 ml .  of dithizone 
in CC14. The buffer solution also contained sodium thiosulfate and potassium 
cyanide to prevent interference f rom bismuth, cadmium, copper, lead, nickel 
and cobalt. The zinc complex was t ransferred to  the CClq layer by shaking 
in a separatory funnel. The zinc concentration was determined by absorbance 
measurements of the CC14 layer using the Beclanan DU! Spectrophotometer. 
Comparison was made to a Calibration curve obtained using standard zinc 
solutions. The use of separatory funnels in the determination resulted in 
a reproducibility of about 10% (Ref. 2, p. 3713). 

The complex i s  soluble in CC14 and has a 
The procedure followed was to add about 

Aluminum Dete rm-ination 

An aliquot of the dissolved sample was used which contained 
about 0.02g of aluminum. 
ammcjnia and NH C1. 4 
preventing the precipitation of Mg, Nm, Zn and Zr .  
on Whatman No. 40 filter paper, and then washed into a beaker and dissolved 
in 50:50 HC1. Tartar ic  acid was added to prevent reprecipitation of Al(OH)3, 
and the solution was  made just basic using ammonia, and then made just 
acidic using 10:90 acetic acid. Fifty mill i l i ters of 8-hydroxyquinoline in 
acetic acid, and 50 ml.  of ammonium acetate solution a r e  added to the aluminum 
solution maintained a t  7C-8OoC. Aluminurn oxinate EA1 (CqH60N)3.]precipitated 
out, was  retained on a Gooch crucible, dried at  130-140°C, and weighed. 
(Ref. 2, p. 103). 

The A1 was  then precipitated as Al(OHI3 by adding 
The NH4Cl maintained tlie pH below 10, thereby 

The Al(OHj3 was collected 

2. A. Mayer and W. J .  Pr ice  Chemical and Spectrographic Analysis of 
Magnesium and Its Alloys, Magnesium Elektron LTD, Manchester, 
England (1954; 
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So lu b 1 e Z i r c on i um De t e r m i n a t i on 

Zirconium forms a colored complex with alizarin red S at a 
pH of 0 . 6  to 0 . 7 .  
using the Beckman DU Spectrophotometer. 
using a standard zirconyl chloride solution. (Ref. 1 , p. 631. ) 

Abso:banca measurements were performed at 510 mL 
A calibration curve was prepared 

Maganes e Determination 

For the determirai;on of manganese and cadmium, the HC1 
The analyses required dissolving the sample so1ut;nns could not be used. 

samples in H2S04. 

Approximately 2g. samples of the zlloy were dissolved in about 

In these acid solutions, potassium 
50 mls .  of H2S04 and 5 mls .  of HN03. Samples of pure Mn metal were also 
dissolved in acid for calibration purposes. 
periodate was added to oxidize the manganese to permanganate ion which has 
a peak absorbance of 545 mc .  
photometric measurements performed with the Beckman DU. (Ref. 1, p. 612. ) 

The percent manganese was obtained from 

Cadmium Determination 

A one gram sample of the alloy was dissolved in sulfuric acid, 

After filtering , phenyltrimethyl 
Hydrogen peroxide was decomposed by boiling and silver was displaced 
with pure iron wire to prevent interference. 
ammonium iodide was Gddzd to  form an insoluble cadmium complex which was  
retained on a fine Cooch Crucible. The precipitate was dissolved with 
ammonium hydroxide and HC1 was added to form HI. 
was  volumetrically titrated with potassium iodate solution till  a carbon 
tetrachloride layer was decolorized. 
was calculated from ehe volume of K I 0 3  and the weight of alloy used. 
(Ref. 2 ,  p. @SS. ) 

The hydriodic acid 

The amount of cadmium in the sample 

Alternate Zinc Determination (Potentiometric Method) 

An alternate method for zinc analysis, which is limited however 
because of silver and cadmium interference , involved the potentiometric 
titration od the alloy dissolved in  sulfuric acid. 
potassium ferrocyanide solution using platinum and calomel electrodes. 
interference was avoided by adding HC1 and filtering to remove AgC1. 
(Ref. 1 ,  p. 630. ) 

The zinc was titrated with 
Silver 

Maene slum Determination 

The alloy was dissolved in concentrated HC1, and the solution 

2 neutralized with NzOH usin;: methyl red indicator. 
was added to pec ip i ta te  interfering metals such as aluminum, zinc, cadmium 
and manganese. 
through Whatman #40 filter paper, and t i trate one-tenth of the volume of the 
filtrate with 0. 1N HCl to the methyl red end point. 

Ten mls .  of a Na S solution 

The magnesium was then precipitated using I N  MaOH, filtered 

The difference between the 
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1N NaOH and the 0.1N HC1 used for back-titration was equivalent to the 
1N NaOH used to precipitate the magnesium. (Ref. 1 ,  p. 6 3 6 .  ) 
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APPENDIX 11 

Chemical Analyses 

The chemical analytical techniques used throughout the program 
were summarized in Quarterly P rogres s  Report Number 8, 15 January 1967, 
and i s  repeated in this final summary report ,  Appendix 1. 
chemical analyses which were recently completed and which were not reported 
previously are tabulated below in Table 1. 

The results of 

TABLE 1 

COMPOSITION O F  EXPERIMENTAL MAGNESIUM BASE ALLOYS 

Alloy 

ZLH972 
ALH972 Top 
ZLH972 Bottom 
Z LI -9 7 2 
IA6 Top 
IA6 Bottom 
IA6 
114 Top 
114 Bottom 
114 
114 
114 
I14 

Heat No. 

2-6-4 
2 -3 -3  
2-3-3 
z -1-1  
6-5-1 
6-5- 1 
6-10-2A 
4-4- 1 
A-4-1 
4-8-2B 
4-9- 1 
4- 10- 1 
4-11-1 

To Th 

1 to  0.6 
0 .3  
0 . 4  
0.89 
0 . 0  
1 .2  
0. 04 
1 .4  
1 .1  
0 .5  

- 
6 . 1  7 . 0  
7 . 3  8 . 0  
6.6 8.7 
- 8.6 
14.2 2.2 
13.5 1.7 
8.2 6 
6 .7  8 .0  
7.2 8 .0  
7. 1 5 .9  
7 .3  
6 .9  
7 .3  

4.0 
3.0 
6 .0  
6. 1 
5.5 
6.37 
5.86 
5.90 

---- Y’oAl ‘ 7 0 h  %Cd %Zr  

3.3 

0.07 
0.04 
0.01 

2 . 4  0.01 

Alloy IA6, heat No. 6-5-1, was  reported ear l ie r  as being too 
This observation was based upon metallographic techniques high in lithium. 

which showed a two phase alloy with an excess of B phase. 
alloy not being single phase with 13-1470 Li i s  not apparent but must be 
associated with the effect of the other elements (Zn, Ag, A l ,  Mn) on the 
structure of the alloy. 

The reason for the 

Theie  is a small difference between the chemical composition at 
the top of an ingot compared to  that found at the bottom, as might be expected, 
but there is no indication that tne light element lithium has segregated to  the 
top or  that heavier elements have settled on the bottom. 
shows a slightly higher lithium content of 7.2% near  the top than that of 6.7% 
near  the bottom. 
si g ni f i cant. 

Alloy II4, heat 4-4- 1, 

The difference in the zinc content of the alloys was not 

A - 5  


